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α-RuCl3 is a major candidate for the realization of the Kitaev quantum spin liquid, but the presence of
zigzag antiferromagnetic order at low temperatures indicates deviations from the Kitaev Hamiltonian. To en-
able a realistic description of the ground state and elementary excitations of α-RuCl3, we have quantitatively
determined the low-energy effective Hamiltonian by carrying out a comprehensive resonant inelastic x-ray scat-
tering (RIXS) study at the Ru L3 absorption edge and by comparing the results to detailed model calculations.
The high-energy segment of the RIXS spectrum yields the parameters characterizing the electronic structure
of individual Ru3+ ions and demonstrates that the ground-state wavefunction can be described by a spin-orbit
entangled S˜ = 1/2 pseudospin. The quasi-elastic RIXS intensity, in conjunction with numerical calculations of
the equal-time pseudospin correlation functions, serves as a fingerprint of the exchange interactions between the
pseudospins. In the paramagnetic state, it has a broad intensity maximum around the zone center without any lo-
cal maxima at the zigzag magnetic Bragg wavevectors. This finding implies that the zigzag order is destabilized
by pronounced ferromagnetic correlations, and is only slightly lower in energy than other competing phases.
Theoretical evaluations based on the RIXS data show that the dominant Kitaev interaction is ferromagnetic and
that the magnitudes of Heisenberg and off-diagonal couplings are about half of the Kitaev term. The pseudospin
Hamiltonian determined in this way provides a solid foundation for further research on α-RuCl3, including the
quest for a theoretical understanding of its magnetic field-induced spin-liquid behavior.
I. INTRODUCTION
Quantum spin liquid states are characterized by a large de-
gree of entanglement that supports fractionalized quasiparti-
cles [1, 2]. The Kitaev model on a honeycomb lattice [3] has
been a central focus of research in recent years, due to its ex-
act solubility and its quantum spin liquid ground state. No-
tably, the elementary excitations in the presence of a magnetic
field are represented by emergent non-abelian anyons, which
could serve as a key element in topological quantum computa-
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tion. The bond-directionalmagnetic interactions of the Kitaev
model can be realized in strongly correlated transition metal
compounds, where spin-orbit entangled pseudospins S˜ = 1/2
are arranged on a honeycomb lattice of edge-shared octahe-
dra [4, 5]. Honeycomb-lattice compounds composed of Ir4+
or Ru3+ ions are prime candidates for the experimental real-
ization of a Kitaev spin liquid [6–8], because their t52g elec-
tron configuration supports S˜ = 1/2 states in the presence of
strong spin-orbit coupling [9]. In particular, α-RuCl3 (here-
after RuCl3) [10], a prototypical example of two-dimensional
van-der-Waals magnetism [11], has been the focus of inten-
sive research thanks to the availability of large single crystals
and perspectives for the synthesis of functional devices from
exfoliated nanosheets [12].
Most of the Kitaev candidate materials, however, undergo
magnetic transitions at sufficiently low temperatures. This is
principally caused by non-Kitaev nearest neighbor (NN) inter-
actions including Heisenberg and off-diagonal couplings [13–
15] that originate from direct hopping between the S˜ = 1/2
ions and from the trigonal distortion of their coordination
2octahedra. The additional interactions in real materials call
for analysis of the extended Kitaev-Heisenberg Hamiltonian,
whose theoretical phase diagram in parameter space is domi-
nated by a variety of magnetically ordered phases. In partic-
ular, the zigzag antiferromagnetic (AFM) state, which is re-
alized in RuCl3 [16], is predicted in a wide parameter range
adjacent to the pure Kitaev points [14, 15, 17]. Longer-range
Heisenberg interactions tend to further stabilize the zigzag
order [18–21], driving the system away from the spin-liquid
phase.
FIG. 1: (a) Crystal and magnetic structure of α-RuCl3 and the scat-
tering geometry for the RIXS experiment. The Ru atoms are shown
by grey circles and the grey-shaded octahedra represent the RuCl6
octahedra. a-c represent the crystallographic axes. a∗ and b∗ repre-
sent the in-plane reciprocal lattice vectors. Distinct x, y, and z-type
bonds are represented by the red, green, and blue lines, respectively.
The grey arrows show the zigzag magnetic ordering pattern. The in-
cident x-ray photons are linearly pi-polarized and the polarization of
the scattered photons is not analyzed. The scattering angle is fixed at
90◦ and the in-plane momentum transfer (q = k− k ′) is changed by
rotating the sample angle θ . The azimuthal angle φ is used to change
the measurement path. (b) Local moment direction in the RuCl6 oc-
tahedron. The directions from the central Ru atom to the adjacent Cl
atoms (denoted by x, y, and z) define the local x, y, and z coordinate
axes. The magnetic moment lies within the ac-plane and points 35◦
from the a axis [22, 23]. (c) q = (H,0) and (H,H) paths investigated
in the RIXS experiment. Note that the directions of the reciprocal
lattice vectors are rotated by 30◦ with respect to those in panel (a).
The dotted hexagon indicates the first Brillouin zone (BZ).
Despite the magnetic ordering of real materials at low tem-
peratures, the Kitaev interactions and the proximity to the
spin-liquid phase can manifest themselves in the dynamical
spin correlations. In the pure Kitaev model, signatures of
emergent quasiparticles appear in the form of an excitation
continuum in the spin dynamical structure factor [24–26]. In
RuCl3, a magnetic scattering continuum whose intensity fol-
lows a fermionic temperature dependence over a wide temper-
ature range was indeed revealed by Raman scattering [27, 28].
Inelastic neutron scattering experiments have also demon-
strated an excitation continuum peaked at the Brillouin zone
center [29–32]. Furthermore, the observation of half-integer
quantization of the thermal Hall transport coefficient in a mag-
netic field [33] supports fractionalization of the spins into Ma-
jorana fermions. With increasing experimental evidence for
the Kitaev interactions in RuCl3, it is crucial to fully deter-
mine its pseudospin Hamiltonian. A set of parameters that
coherently accounts for the low-temperature zigzag order and
the signatures of fractionalization would establish a concrete,
controllable pathway to the spin-liquid phase. This objective
has, however, not yet been achieved, partly because different
interaction terms have been included in the Hamiltonian to
explain limited sets of experimental data, leading to a zoo of
proposed pseudospin Hamiltonians [34–36].
In the present work, we determined the pseudospin Hamil-
tonian of RuCl3 by using resonant inelastic x-ray scattering
(RIXS) [37, 38] at the Ru L3 absorption edge to investigate
the excitation spectra of RuCl3 over a wide spectral range.
The resonant enhancement of the cross section enables the ob-
servation of high-energy excitations (> 100 meV) with high
statistics, allowing us to accurately determine the cubic crys-
tal field splitting 10Dq, the Hund’s coupling JH , and the spin-
orbit coupling constant λ . These parameters were then used
for a theoretical evaluation of the exchange constants. Fur-
thermore, by utilizing the large momentum transfer between
the incoming and outgoing photons at the Ru L3 absorption
edge (2837 eV), we mapped out the intensity of magnetic ex-
citations in the low-energy S˜= 1/2 manifold across the entire
first Brillouin zone. Comparison with exact-diagonalization
calculations of the RIXS intensity yields the hierarchy of
interaction parameters between the pseudospins and reveals
their individual roles: (1) the ferromagnetic (FM) Kitaev cou-
pling K = −5.0 meV is dominant, (2) the off-diagonal inter-
action Γ = 2.5 meV stabilizes the zigzag order at low tem-
peratures and explains the magnetic moment direction, (3) the
FM Heisenberg interaction J = −2.5 meV enhances the FM
correlations and renders the zigzag order fragile, and (4) the
additional off-diagonal term Γ′ ∼ 0 is at the bottom of the hi-
erarchy due to the weak trigonal lattice distortion. The in-
teraction Hamiltonian obtained in this way is in good agree-
ment with the one obtained from our theoretical analysis of
the high-energy multiplets, and thus provides a solid founda-
tion for further work on RuCl3, including the theoretical anal-
ysis of the purported spin-liquid behavior in magnetic fields.
More generally, our comprehensive approach to the determi-
nation of the low-energy effective Hamiltonian can serve as
a blueprint for research on other quantum magnets and spin
liquid candidates.
This article is organized as follows. In Sec. II, we introduce
our newly-developedRIXS spectrometer targeted at the tender
x-ray regime and present the RIXS spectra of RuCl3 including
high-energy multiplets, spin-orbit excitons, and quasi-elastic
features. In Sec. III, we introduce the pseudospin Hamiltonian
and describe exact-diagonalization calculations of the RIXS
3intensity to determine the interaction parameters. We also de-
scribe the theoretical derivation of the pseudospin Hamilto-
nian using the experimentally determined multiplet parame-
ters and show that it reproduces the hierarchy of the interac-
tion parameters derived from the RIXS intensity. We conclude
this study with a summary and an outline of future perspec-
tives in Sec. IV.
II. EXPERIMENTAL RESULTS
A. Experimental methods
RuCl3 single crystals were grown by chemical vapor trans-
port as reported previously [12]. Anhydrous polycrystalline
RuCl3 (99.9%, Acros Organics) was sealed in a ∼12 cm long
quartz ampoule under vacuum. The reactant was heated at a
rate of 3 K min-1 to 1023 K for 120 hours and then naturally
cooled to room temperature. The reaction yielded shiny black
crystalline platelets of RuCl3 at the cooler end of the am-
poule. The product was analyzed by powder x-ray diffraction
and scanning electron microscopy, together with energy dis-
persive x-ray spectroscopy to check the purity of the crystals.
The magnetic susceptibility of our crystals shows an anomaly
at 7 K that corresponds to the Ne´el temperature (TN) of the
zigzag AFM order, but does not show any anomaly at 14 K
[12] associated with an extrinsic magnetic transition caused
by stacking faults [22, 39].
The RIXS spectra of RuCl3 were collected using the newly-
built intermediate x-ray energy RIXS spectrometer (IRIXS)
at the Dynamics Beamline P01 of PETRA III, DESY [40–
42]. The x-ray beam was focused to a beam spot of 20 × 150
µm2. The scattered photons were collected at the scattering
angle of 90◦ using a SiO2 (102¯) diced spherical analyzer and
a CCD camera, both placed in the Rowland geometry. The
position of the zero-energy-loss line was determined by mea-
suring non-resonant spectra from silver paint deposited next
to the samples. The overall energy resolution of the IRIXS
spectrometer at the Ru L3-edge, defined as the full-width-at-
half-maximum (FWHM) of the non-resonant spectrum of sil-
ver, was ∼100 meV.
Figure 1(a) shows the crystal structure and zigzag magnetic
ordering of RuCl3, as well as the scattering geometry for the
RIXS experiment. To facilitate comparison with theoretical
analysis, we will use the hexagonal crystallographic notation
with a = b = 5.96 A˚ and c = 17.2 A˚, where the ab plane cor-
responds to the honeycomb plane and the c-axis is perpen-
dicular to it. The distinct x, y, z type bonds are represented
by red, green, and blue lines, respectively. The incident x-ray
photons were pi-polarized and the polarization of the scattered
photons was not analyzed. Hereafter, the momentum transfer
is expressed in terms of the in-plane component q, which was
scanned by rotating the sample angle θ . Figure 1(b) shows
the definition of the local xyz coordinates and the local mo-
ment direction within the RuCl6 octahedron. In the following
theoretical analysis, the parameters in the pseudospin Hamil-
tonian are chosen to reproduce the moment direction. Figure
1(c) shows the measurement paths in the q-space investigated
in our RIXS experiment. We performed the measurements
along the q = (H,0) and (H,H) directions, by setting the az-
imuthal angle φ to 0◦ and −30◦, respectively. q is expressed
in reciprocal lattice units (r.l.u.). Unless otherwise stated, the
measurements were performed at the base temperature of 20
K, in the paramagnetic state.
B. High-energy multiplets
FIG. 2: A representative Ru L3 RIXS spectrum of RuCl3 at q =
(0,0), taken with photons of energy 2837.8 eV. The dashed blue line
indicates the onset energy of the intersite electron-hole continuum.
The vertical black bars indicate the theoretical RIXS intensity from
ionic multiplet calculations. The cubic crystal field splitting (10Dq),
the Hund’s coupling (JH ) and the spin-orbit coupling (λ ) parame-
ters obtained from an analysis of the RIXS spectrum are indicated.
The inset shows the high-energy region comprising the p-d charge-
transfer (CT) excitations.
Figure 2 provides an overview of the RIXS spectrum at the
Brillouin zone center [q = (0,0)] over a wide range of excita-
tion energies. A broad continuum emerging above the charge
gap of ∼ 1 eV (dashed blue line in Fig. 2) and extending up
to at least 4 eV can be assigned to intersite electron-hole ex-
citations, consistent with the continuum observed by optical
spectroscopy [43]. On top of the intersite continuum, one ob-
serves the main peak B and the shoulder structures α , β and γ ,
which are assigned to intra-ionic crystal-field transitions from
the t52g ground state to Hund’s multiplets within the t
4
2geg man-
ifold, as detailed below. Below the charge gap (< 1 eV), a
pronounced peak (A1) appears at 0.25 eV, which originates
from transitions from the ground state S˜ = 1/2 doublet to the
excited S˜ = 3/2 quartet. This phenomenology establishes the
notion of a low-energy S˜= 1/2 doublet constituting the pseu-
dospin Hamiltonian. We ascribe the small shoulder structure
A2 to multiples of the A1 exciton.
To quantitatively extract the multiplet parameters from the
RIXS data, we have diagonalized the single-ion Kanamori
Hamiltonian for the d5 electron configuration, which includes
intra-ionic Coulomb interactions, spin-orbit coupling, and
4crystal fields. The Coulomb interactions are expressed using
the intra-orbital interactionU , inter-orbital interactionU ′, and
the Hund’s-rule coupling JH :
HC =U∑
m
nm↑nm↓+U ′ ∑
m6=m′
nm↑nm′↓
+(U ′− JH) ∑
m<m′ ,σ
nmσnm′σ − JH ∑
m6=m′
d
†
m↑dm↓d
†
m′↓dm′↑
+ JH ∑
m6=m′
d
†
m↑d
†
m↓dm′↓dm′↑, (1)
where d†
m↑ and nm↑ are the electron creation and number oper-
ators, respectively. We employ the widely used approximation
U ′ =U− 2JH . The spin-orbit coupling Hso and cubic crystal
field Hcub are included as follows:
Hso = λ ∑
i
~li ·~si, (2)
Hcub = 10Dq ·
(
3
5
neg − 25nt2g
)
. (3)
Using the eigenfunctions of the above Hamiltonian, we
computed the RIXS transition amplitudes from the ground
state doublet to the excited states within the fast-collision ap-
proximation as detailed in Ref. [44]. The theoretical RIXS in-
tensity with the optimal parameters 10Dq= 2.4 eV, JH = 0.34
eV, and λ = 0.15 eV is shown as vertical bars in Fig. 2. These
parameters will be used in Sec. III C to quantify the exchange
constants. The theoretical result clearly captures the peak en-
ergies and intensities of the crystal field multiplets (B, α , β
and γ) that are located around 10Dq and split as a function of
JH , and the S˜ = 3/2 transitions (A1) located at ∼ 3λ/2. Note
that there is no discernible splitting of the A1 peak, indicat-
ing a nearly cubic crystal field around the Ru3+ ions. This is
in contrast to the clear trigonal crystal field splitting observed
in the honeycomb iridates A2IrO3 (A = Na, Li) [45]. The
absence of a clearly detectable splitting of the A1 peak indi-
cates that the trigonal crystal field splitting is smaller than the
experimental energy resolution of ∼ 0.1 eV. Indeed, from an
analysis of the magnetic susceptibility anisotropy, we obtain a
S˜ = 3/2 quartet splitting of only ≃ 30 meV (see Appendix).
C. Spin-orbit excitons and quasi-elastic peak
Figure 3 shows the momentum dependence of the raw
RIXS spectra along the q = (H,0) and (H,H) directions in
the low-energy range. The overall monotonic decrease of the
intensity from H < 0 (grazing incidence) to H > 0 (grazing
exit) is due to the geometrical effect of x-ray self-absorption
[46], which will be accounted for in the following quantita-
tive intensity analysis. The A1 peak shows no energy dis-
persion along the (H,0) and (H,H) directions, demonstrating
the nearly localized nature of the S˜ = 3/2 excitons. Notably,
at T = 20 K the quasi-elastic peak intensity does not show
FIG. 3: (a), (b) Low-energy Ru L3 RIXS spectra at T = 20 K along
the q = (H,0) and (H,H) directions. The insets show the measure-
ment paths in the q space.
any local maximum at the zigzag magnetic Bragg wavevec-
tors q = (±0.5,0), indicating that short-range zigzag correla-
tions are quickly suppressed when magnetic long-range order
disappears at TN = 7 K. This observation is in sharp contrast
to the short-ranged zigzag correlations that persist far above
TN in Na2IrO3 [47, 48]. This finding suggests that the en-
ergy landscape of RuCl3 has only shallow minima around the
zigzag ordered states, and that closely competing states with
characteristic vectors q ∼ 0, such as the ferromagnetic one,
exist as metastable states with energies of the order of TN ∼ 1
meV. Interestingly, this energy scale is roughly consistent with
the Zeeman energy of S˜ = 1/2 under a magnetic field of ∼ 8
T, where the zigzag order disappears [49] and signatures of a
field-induced quantum spin liquid emerge [32, 50, 51].
To perform a quantitative analysis of the RIXS spectra,
we have corrected the raw RIXS intensity for the effect of
x-ray self-absorption, following the procedure described in
Ref. 46. Figures 4(a) and (b) show representative corrected
spectra along the q = (H,0) and (H,H) directions. We de-
composed these spectra into three Voigt profiles, representing
quasi-elastic scattering (blue), S˜ = 3/2 excitons (green), and
multi-excitons (dashed black). Here, the Gaussian FWHM of
the Voigt profiles was fixed at the energy resolution of 0.1 eV.
We highlight two characteristic observations that are appar-
ent in the decomposed spectra. First, the A1 peak is signif-
icantly broader than the quasielastic peaks. It is tempting to
associate the extra broadening directly with the splitting of the
S˜ = 3/2 transitions due to the trigonal field ∆, as reported in
Ref. [52] based on Ru M-edge RIXS data. However, Ru M-
edge RIXS is incapable of fully quantifying the q dependence
due to the small momentum transfer of RuM-edge x-rays (461
eV). The full momentum dependence of the FWHM extracted
5FIG. 4: (a), (b) Ru L3 RIXS spectra after the correction of x-ray self-absorption effect. The correction to the raw spectra was performed
following the procedure in Ref. [46]. The blue, green and dashed black curves exemplify the spectral decomposition into three Voigt profiles
representing the quasi-elastic peak, the S˜= 3/2 transitions (A1), and the multi-excitons (A2), respectively. The total fitted curves are shown as
thick black lines. (c), (d) The full-width at half maximum (FWHM) of the quasi-elastic and the A1 peaks as functions of q. (e), (f) Momentum
dependence of peak intensities along the q = (H,0) and (H,H) directions taken at T = 20 K.
from our L-edge data requires careful reconsideration of this
issue. Figures 4(c) and (d) show that the FWHM of the quasi-
elastic peak is almost q-independent and slightly larger than
the energy resolution (0.1 eV), reflecting the relatively small
bandwidth of magnetic excitations of the S˜ = 1/2 sector. On
the other hand, the A1 FWHM is about 50 meV wider than the
quasi-elastic peak and has a broad maximum at the Γ point
both along the (H,0) and (H,H) directions. As illustrated in
Fig. 7(d) (see Appendix), the S˜ = 3/2 states have orbital de-
generacy and are Jahn-Teller active [53], so that coupling to
the lattice degrees of freedom is a possible origin of the over-
all broadening. Note that the maximum of the FWHM oc-
curs concomitantly with a slight deviation of the fitting curves
from the data points in the low-energy tail of the A1 peak [see
H = 0 curves in Figs. 4(a) and (b)], whereas at large |H| the
lineshape is perfectly captured by the Voigt profiles. This sug-
gests that the A1 peak contains not only the intra-ionic transi-
tions but also an additional feature around the Γ point at lower
energy. Here we refer to the case of Na2IrO3, where an exci-
tonic bound state was observed below the S˜ = 3/2 transition
around the Γ point [45]. We expect that the same phenomenol-
ogy also applies to RuCl3 with a reduced energy scale. An
important lesson here is that the FWHM of the A1 peak, in
particular close to the Γ point, cannot be directly linked to
the splitting of the S˜ = 3/2 transitions by the trigonal field ∆.
In fact, we will determine this splitting based on the g-factor
anisotropy and find that it is significantly smaller than the ad-
ditional broadening of the A1 peak (see Appendix).
Second, one observes a distinct q dependence of the scat-
tering intensities. Figures 4(e) and (f) show the integrated in-
tensity (defined as the total area of the decomposed peak) as a
function of q. While the A1 peak shows a monotonic intensity
decrease as H increases, the quasielastic peak exhibits broad
intensity maxima around q = (0,0) both along the (H,0) and
the (H,H) directions. We note that the quasi-elastic intensity
from extrinsic scattering such as thermal diffuse scattering,
surface roughness, and from the tail of the specular reflectiv-
ity is negligible. In the present 90◦ scattering geometry with
pi-polarized incident x-rays, the charge (Thomson) scattering
is strongly suppressed because the polarization of the incident
x-ray photons is always perpendicular to the one of the out-
going photons [38]. Indeed, the maxima of the quasi-elastic
peaks shown in Figs. 4(a) and (b) are located at positive en-
ergy, demonstrating that intrinsic magnetic excitations dom-
inate the spectral weight. One further notices that the q de-
pendence around the Γ point is more sharply peaked along
the (H,H) direction than along the (H,0) direction, in qual-
itative agreement with the star-shaped excitation continuum
observed by inelastic neutron scattering experiments [30, 31].
III. THEORETICAL ANALYSIS
A. Model Hamiltonian and method
The momentum dependence of the quasi-elastic peaks is a
signature of the spatial correlations among the pseudospins,
and thus enables one to access the exchange interaction pa-
rameters. To describe the pseudospin S˜= 1/2 excitations and
the corresponding RIXS intensity, we employ the extended
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FIG. 5: (a), (b) Momentum dependence of the theoretical RIXS intensity calculated at T = 5 K (dashed), 20 K (solid blue), and 50 K (solid
cyan), using the pseudospin Hamiltonian [Eq. (4)]. To obtain the best fit to the experimental data (squares), the exchange parameters K =−5,
J = −2.5, Γ = 2.5, Γ′ = 0 and J3 = 0.5 meV were used. (c), (d) Comparison of the RIXS intensity computed with different parameter sets.
The optimal theoretical curve is compared with those for the parameter sets proposed in Refs. [20] and [23]. The insets show the q paths.
The points represent results at the accessible q vectors for the 24-site cluster (crosses) and 32-site cluster (circles) that were used to construct
the smooth profiles. (e) Temperature evolution of the equal-time pseudospin correlation function 〈S˜zq S˜z−q〉 for the optimal parameter set. The
maps were calculated for the 32-site cluster with the accessible q vectors (circles) marked on the 50 K map. (f) Temperature dependence of
the RIXS intensity at q = (0,0) and (−0.5,0). The data points were collected with the azimuthal angle of φ = 0 [the geometry for the (H,0)
path]. The lines show the theoretical curves obtained by a simulation for the 24-site cluster.
Kitaev-Heisenberg model H
(γ)
i j , supplemented by the third-
NN Heisenberg interaction J3S˜i · S˜ j which is essential to sta-
bilize the zigzag-type magnetic order. For the z-type bonds,
H
(z)
i j reads as
H
(z)
i j =KS˜
z
i S˜
z
j+ JS˜i · S˜ j+Γ(S˜xi S˜yj+ S˜yi S˜xj)
+Γ′(S˜xi S˜
z
j+ S˜
z
i S˜
x
j+ S˜
y
i S˜
z
j+ S˜
z
i S˜
y
j). (4)
For the γ = x,y-type bonds, H
(γ)
i j follow from cyclic permu-
tations of S˜x, S˜y, and S˜z.
Based on the small trigonal field ∆ (see Appendix), we as-
sume Γ′ ∼ 0 as prior work has shown that this term is small
near cubic symmetry [14, 54]. This approximation, supported
by the theoretical arguments below, substantially reduces the
parameter space and computational cost. We take the model
parameters of Ref. [20], which are widely used in the litera-
ture, as a starting point of our analysis and optimize the pa-
rameter set to fit the RIXS data, subject to the condition that
they reproduce the ordered moment direction as well.
To this end, we first apply the method of spin-coherent
states [55] and perform a systematic scan of the moment di-
rection through parameter space (see Fig. 4 of Ref. [21] for an
illustration). Having identified the relevant areas of parameter
space, we simulate the RIXS intensity at nonzero tempera-
tures by utilizing the Thermal Pure Quantum (TPQ) method
[56, 57] for two hexagon-shaped clusters of 24 and 32 sites,
each with a distinct set of accessible q vectors. Specifically,
we calculate the equal-time pseudospin correlation function
〈S˜αq S˜β−q〉 (α,β = x,y,z) and combine its components accord-
ing to Ref. [44] to construct the integrated RIXS intensity for
our scattering geometry. This intensity is averaged over many
realizations of the TPQ state to reduce the statistical errors. As
can be seen in Figs. 5(c), (d), finite-size effects are negligible
at the temperatures of interest here.
B. Momentum dependence of quasi-elastic intensity and
exchange constants
Figures 5 (a) and (b) show the S˜= 1/2 intensity data along
the q = (H,0) and (H,H) directions, respectively, together
with the theory curves calculated at several temperatures for
the optimal parameter set K = −5, J = −2.5, Γ = 2.5, and
J3 = 0.5 meV. The theory curves were generated by interpo-
lating the original data points of the 24- and 32-site clusters
[see Figs. 5(c), (d)]. The observed q dependence of the RIXS
intensity at 20 K is well reproduced by our calculations, in-
cluding in particular the intensity maximum at (0,0) and the
7sharper intensity profile along the (H,H) direction. Note that
the theory curve for the (H,0) direction calculated at 5 K
has pronounced peaks at q = (±0.5,0) corresponding to the
zigzag magnetic order that sets in at TN ≃ 7 K. However, these
peaks quickly vanish at 20 K leading to the absence of local
maxima in the RIXS intensity, while the other regions of the
spectra show only gradual modifications.
Having demonstrated the capability of our theoretical ap-
proach to the RIXS intensity, we apply our methodology to
other models in the literature to test their validity. Figures 5 (c)
and (d) show a comparison of the theoretical RIXS intensity
at 20 K for different parameter sets. Specifically, we compare
our model (K,J,Γ,Γ′,J3) = (−5,−2.5,2.5,0,0.5)with that of
Ref. [20] (−5,−0.5,2.5,0,0.5) and the model 1 of Ref. [23]
(−10,−2.7,10.6,−0.9,0). In contrast to our data, the two
models in the literature show that the global maximum is not
located around (0,0) but instead around the magnetic Bragg
wavevectors (±0.5,0). The experimental intensity maximum
around the Γ point therefore highlights enhanced FM corre-
lations, which we ascribe to the FM Heisenberg interaction
J = −2.5 meV (compared to J = −0.5 meV of Ref. [20]).
This comparison shows that the momentum dependence of
RIXS intensity is quite sensitive to the model parameters. Al-
though they are subject to certain variations (e.g., by including
the interlayer couplings [58, 59] in the fits), their overall hi-
erarchy obtained above is robust, as dictated by the condition
that the q ∼ 0 correlations, supported by FM Kitaev and FM
Heisenberg couplings, are closely competing with the zigzag
order and become prominent already at T ∼ 20 K.
To visualize the characteristics of our model, we plot in Fig.
5(e) the intensity maps of the equal-time pseudospin corre-
lation function 〈S˜zq S˜z−q〉 for T = 5 K, 20 K and 50 K. The
maps were generated from the 32-site cluster with the acces-
sible q vectors (circles) marked on the 50 K map. At 5 K,
the system is in the zigzag ordered phase, and the spectral
weight is concentrated around the magnetic Bragg wavevec-
tors, yet sizeable FM correlations are also evident from the
intensity around (0,0). As the zigzag long-range order disap-
pears, the spectral weight at the Bragg wavevectors is quickly
transferred to the vicinity of (0,0), reflecting pronounced FM
correlations due to the FMKitaev and Heisenberg interactions
[T = 20 K Fig. 5(e)]. At T = 50 K, the intensity profile is
fully dominated by the Kitaev term and resembles that of the
pure FM Kitaev model. To further demonstrate the predictive
power of our model, we show in Fig. 5(f) the temperature
dependence of the RIXS intensity at q = (0,0) and (−0.5,0).
The data were collected with the azimuthal angle of φ = 0
[i.e., the geometry for the (H,0) path]. The RIXS intensi-
ties at q = (0,0) and (−0.5,0) show a gradual decrease up to
∼ 200 K and converge at higher temperatures, in agreement
with the theory. Notably, the q dependence is clearly present
even at T = 100 K, manifesting the strong correlations among
pseudospins well above TN .
FIG. 6: Exchange parameters K (red), J (black), Γ (blue), and Γ′
(grey) as a function of δ = 2∆/λ , calculated using 10Dq = 2.4 eV,
JH = 0.34 eV, and the pd charge-transfer gap ∆pd = 5.5 eV as ob-
tained from the RIXS data (Fig. 2). We use representative values of
the Coulomb interactionU = 2.5 eV for the Ru-d orbitals,Up = 1.5
eV and Hund’s coupling Jp = 0.7 eV for the Cl-p orbitals, a ratio
of tpdσ/tpdpi = 2 between the pd charge-transfer integrals in the σ
and pi channels, and a direct t2g hopping t
′ = 0.5t. The exchange
constants are given in units of t2/U . The vertical grey line indicates
δ ∼−0.7 appropriate for RuCl3.
C. Theoretical estimation of K, J, Γ, and Γ′
The dominance of the FM Kitaev coupling found experi-
mentally is consistent with theoretical considerations [4] of
the impact of the Hund’s-rule coupling JH on the exchange
interactions. The sizeable value of Γ can be attributed to the
fact that the 4d orbitals are spatially extended so that their di-
rect overlap t ′ is large [14]. The relatively large (J ≃ K/2)
Heisenberg coupling of FM sign is somewhat surprising. It
might be supported by interorbital t2g-eg hoppings [5], given
that the cubic splitting 10Dq is rather small here.
Having at hand several microscopic parameters such as JH ,
10Dq, ∆pd , and λ quantified by the RIXS data above, we can
estimate the exchange parameters from theory. In particular,
we would like to evaluate the non-diagonalΓ′ term (neglected
in the fits above) as a function of the trigonal crystal field ∆,
and see if it is indeed small at ∆ values realistic for RuCl3. To
this end, we follow previous work [17, 60] and consider four
different NN exchange mechanisms: (1) indirect hopping t
of t2g electrons via intermediate Cl ions, (2) their direct NN
hopping t ′, (3) charge-transfer and cyclic exchange processes
involving pd charge-transfer excitations with energy ∆pd , and
(4) the interorbital t2g-eg hopping involving the strong tpdσ
overlap between Cl-p and Ru-eg orbitals. The calculations
are standard but lengthy, and the details will be presented else-
where [61].
Figure 6 shows the outcome of these calculations as a func-
tion of the trigonal crystal field ∆, which controls the shape of
pseudospin wavefunction. In the cubic limit of ∆ = 0, Γ′ = 0
vanishes and J is also very small, so that the NN exchange
8Hamiltonian is dominated by K and Γ. For positive ∆, the
Heisenberg term J is positive, and at large ∆ it becomes com-
parable to the Kitaev interaction, while Γ decreases gradually.
The observed FM J < 0 and the sizeable Γ value in RuCl3
clearly point to a negative value of ∆ in this compound. In-
deed, from our analysis of the paramagnetic susceptibility (see
Appendix), we have obtained a negative ∆ ≃ −50 meV and
ratio δ = 2∆/λ ≃ −0.7. At this δ value, the calculated ex-
change constants are (K,J,Γ,Γ′) ≃ (−5,−1.4,2.9,0.9) meV
(where we assumed the energy scale t2/U ≃ 10 meV). The
signs and relative values of these constants are quite consistent
with the parameter set (K,J,Γ,Γ′) = (−5,−2.5,2.5,0) meV
deduced from the RIXS experiment. Importantly, the calcu-
lated Γ′ value is indeed the smallest among the NN exchange
constants.
It is worth noting that the overall behavior of the exchange
parameters displayed in Fig. 6 is generic to d5 Ru and Ir com-
pounds. Indeed, using the microscopic parameters appropriate
for iridates [60, 62], one obtains similar dependences K(δ ),
etc., with a sign change of J near the cubic limit δ ∼ 0 [61].
Specifically, for Na2IrO3 with a positive δ ∼ 0.75 [55], the
calculations give an AFM J ≃ Γ ≃ 12 |K| and a small Γ′ < 0,
consistent with recent RIXS data [48]. The qualitative differ-
ence between RuCl3 and Na2IrO3 can thus be primarily as-
cribed to the sign change of δ , which leads to the sign change
of J. The FM J ≃ 12K with negative δ in RuCl3 enhances
the FM correlations and leads to the fragility of the zigzag or-
der. On the other hand, the AFM J ≃ 12 |K| in Na2IrO3 with
positive δ leads to stable zigzag correlations up to 70 K [48].
These considerations highlight the trigonal field as an efficient
control parameter of magnetism in Kitaev materials. We also
point out the analogy of 4d RuCl3 and a new class of Ki-
taev materials based on 3d cobaltates [63, 64]. In honeycomb
cobaltates, both K and J are also of FM sign and the FM state
is closely competing with the zigzag order [65]; consequently,
the zigzag AFM order can be suppressed at magnetic fields as
small as ∼ 1 T [66].
Finally, we note that our calculations assumed an ideal
hexagonal symmetry, i.e. the exchange couplings K, J, etc.
on the x, y, and z type bonds are identical. While this is a
reasonable approximation in the paramagnetic phase (where
our experiment is performed), zigzag ordering below TN is ex-
pected to break this symmetry via pseudospin-lattice magne-
toelastic coupling, resulting in the exchange parameters on z-
type bonds different from those on x/y bonds along the zigzag
direction (see Fig. 1). This coupling, which has been instru-
mental for understanding low-energymagnon dynamics in the
spin-orbit Mott insulator Sr2IrO4 [67, 68], should also be im-
portant in the AFM state of RuCl3 and deserves future study.
IV. CONCLUSION
To summarize, we have quantified the multiplet energy lev-
els and the pseudospin Hamiltonian parameters of the Kitaev
spin liquid candidate RuCl3 by means of Ru L3-edge RIXS.
Comparison of the high-energy spectra to ionic multiplet cal-
culations yields the parameters 10Dq = 2.4, JH = 0.34, and
λ = 0.15 eV. We have determined the pseudospin S˜ = 1/2
Hamiltonian based on fitting of the quasi-elastic RIXS in-
tensity to exact-diagonalization calculations of the extended
Kitaev-Heisenberg model. The FM Kitaev term K =−5 meV
is the largest, but the Heisenberg exchange J=−2.5 meV and
the off-diagonal exchange Γ = 2.5 meV are also significant,
leading to zigzag magnetic order at low temperatures, which
is further supported by the long-range interaction J3 = 0.5
meV. The K and Γ parameters also reproduce the observed
moment direction. Importantly, the quick suppression of the
short-ranged zigzag correlations above TN indicates that the
zigzag order is only slightly lower in energy than the compet-
ing states. In particular, the q ∼ 0 correlations, typical for the
FMKitaev model and further enhanced by the FM Heisenberg
interaction, become prominent as soon as the temperature is
raised slightly above TN . The precise nature of the metastable
states governed by the highly frustrated Kitaev couplings re-
mains an interesting open problem.
Based on the anisotropic g-factors gab = −2.53 and gc =
−1.56 determined from the Curie-Weiss analysis, we deter-
mined the trigonal field splitting ∆ to be ∼ −50 meV (corre-
sponding to trigonal elongation). The relatively weak trigonal
splitting compared to the spin-orbit coupling λ leads to an
unquenched orbital moment and supports the notion of a spin-
orbit entangled wavefunction. We theoretically derived the
exchange parameters, which successfully reproduce the sign
and hierarchy of the experimentally determined (K,J,Γ,Γ′)
parameters. In particular, Γ′ is indeed at the bottom of the hi-
erarchy for the experimentally relevant trigonal parameter δ ,
and J changes sign as a function of δ . The FM J with neg-
ative δ in RuCl3 is responsible for the fragility of the zigzag
order, in contrast to its stability well above TN in Na2IrO3.
Overall, our findings form a solid basis for future theoretical
and experimental studies of RuCl3. In particular, the observed
low-energy metastable states at q ∼ 0, which are governed by
the frustrated Kitaev and Heisenberg interactions, should be
relevant for a quantitative understanding of the field-induced
properties of this material.
To determine the exchange Hamiltonian of RuCl3, we have
introduced a comprehensive approach that integrates informa-
tion from RIXS data over an exceptionally wide range of en-
ergies and momenta. A two-pronged theoretical analysis of
these spectra yields consistent results, inspiring confidence
in the interaction parameters as a basis of future research on
this material. In particular, systematic computation of equal-
time correlation functions allowed us to evaluate quasi-elastic
RIXS data as a fingerprint of the pseudospin interactions in
real space. As RIXS requires only small crystals of character-
istic dimensions ∼ 10 µm, our approach has the potential to
evolve into a powerful screening tool for the rapidly expand-
ing list of Kitaev candidate materials.
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APPENDIX: PARAMAGNETIC SUSCEPTIBILITY AND
TRIGONAL CRYSTAL FIELD
Here we estimate the trigonal crystal field in RuCl3 from
the magnetic susceptibility anisotropy in single crystals. We
have measured the paramagnetic susceptibility up to 370 K,
and fit the data using the Curie-Weiss law:
χ =
C
T −Θ + χ0. (5)
The inverse magnetic susceptibilities 1/(χ − χ0) for in-plane
(H // ab) and out-of-plane (H // c) magnetic fields are shown
in Figs. 7(a) and (b), respectively, along with the results of
fits to the Curie-Weiss law (red curves). The deviations from
Curie-Weiss behavior can be attributed to short-range corre-
lations present well above the magnetic ordering temperature
[see Fig. 5(f) and related discussion].
The paramagnetic Curie temperatures for both ab-plane and
c-axis magnetic field directions are positive, Θab ≃ 50 K and
Θc ≃ 30 K, respectively. These values are roughly consis-
tent with the exchange constants obtained from the RIXS data
(K =−5 meV, J =−2.5 meV, J3 = 0.5, Γ+ 2Γ′ = 2.5 meV):
Θab =− 34
[
J+ J3+
1
3
K− 1
3
(Γ+ 2Γ′)
]∼ 40 K,
Θc =− 34
[
J+ J3+
1
3K+
2
3 (Γ+ 2Γ
′)
]∼ 20 K. (6)
The high temperature slopes in 1/(χ−χ0) plots are clearly
different, resulting in anisotropic Curie constants (Cab ∼ 3Cc)
and g-factors; we find |gab| ≃ 2.53 and |gc| ≃ 1.56, with
an average value of |g| ≃ 2.2. Even though the maximum
temperature ∼ 370 K might be not high enough to access
the true Curie-Weiss behavior, it is evident that the g-factor
anisotropy is robust in RuCl3. A similar anisotropy (|gab| ≃
2.3 and |gc| ≃ 1.3) has been deduced from the analysis of low-
temperature magnetization data [69], using similar exchange
constants as above. Overall, the magnetic anisotropy in RuCl3
originates from a combination of single-ion effects (i.e., the
g-factors) and the exchange anisotropy (i.e., the Γ and, to a
lesser extent, Γ′ terms), as expected for spin-1/2 systems with
a layered crystal structure.
The g-factors are sensitive to the orbital content of the
ground state wavefunction, and thus contain useful informa-
tion on the strength of the trigonal crystal field [70] which
splits the t2g electron level into an a1g singlet and an e
′
g dou-
blet by ∆ = E(e′g)−E(a1g) [see the inset of Fig. 7 (d)]. The
trigonal field ∆ and spin-orbit coupling λ quantify the ground
state pseudospin S˜ = 1/2 wavefunctions of the Ru3+ ion as
follows:
∣∣∣+ 1
2
〉
=+sinθ |0,↑〉− cosθ |+ 1,↓〉 ,
∣∣∣− 1
2
〉
=−sinθ |0,↓〉+ cosθ |− 1,↑〉 . (7)
The angle 0 ≤ θ ≤ pi/2 is given by tan2θ = 2√2/(1+ δ ),
where δ = 2∆/λ . The wavefunctions above are written in
the basis of |LZ,SZ〉 using the trigonal field quantization axis.
The relative phases of the Kramers partners |± 1
2
〉 are chosen
such that the g-factor is isotropic in the cubic limit, g = −2;
its negative sign emphasizes the presence of a large orbital
contribution to the magnetic moment. The latter is given by
M = (2S−κL), where L is the effective orbital moment of the
t2g level and κ is the covalency reduction factor [70].
The wavefunctions in Eq. (7) assume a pure t52g configu-
ration in the ground state. The admixture of t42geg configura-
tions by electron interactions results in a correction ∆g to the
g-factors [71]. Including this effect, one obtains
gab =−[1− cos2θ +
√
2κ sin2θ +∆g] ,
gc =−[κ +(2+κ)cos2θ +∆g] . (8)
Adopting the results of Ref. [71] and assuming the relation
8B≃ JH between the Racah parameter B and Hund’s coupling
JH , we obtain ∆g≃ 2κJH/10Dq. Since the t42geg configuration
energy is rather low in RuCl3, this correction is sizeable; using
JH = 0.34 eV and 10Dq = 2.4 eV as measured in this work,
we find ∆g≃ 0.28κ .
Figure 7(c) shows the g-factors as a function of the trigonal
field parameter δ , for several values of the covalency factor
κ . The g-factors |gab| ≃ 2.53 and |gc| ≃ 1.56 obtained from
the Curie-Weiss fits are well reproduced by the above equa-
tions at δ =−0.70 and κ = 0.97. We find that |gab| ≃ 2.3 and
|gc| ≃ 1.3 of Ref. [69] result in a nearly identical trigonal field
parameter δ = −0.75, and smaller κ = 0.82. With λ = 0.15
eV obtained from our RIXS data (see Fig. 2), δ ∼−0.7 yields
the trigonal splitting of ∆ ∼ −50 meV (trigonal elongation
within a point charge model). This splitting is roughly con-
sistent with the quantum chemistry calculations of Ref. [72]
(∼−70 meV), and somewhat larger than that reported in Ref.
[73] (-12±10 meV). ∆ ∼ −50 meV is rather small compared
to the spin-orbit coupling λ ; this implies that the orbital mag-
netism, which is responsible for the bond-dependent Kitaev
interactions, remains unquenched.
Apart from modification of the ground state wavefunctions,
the trigonal crystal field splits the spin-orbit S˜ = 3/2 exci-
tation into two doublets, labeled by B and C in Fig. 7(d),
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FIG. 7: (a), (b) In-plane (H // ab) and out-of-plane (H // c) inverse magnetic susceptibility 1/(χ − χ0). The red lines show the fits to the
Curie-Weiss law [Eq. (5)] with parameters χab0 = 1.0× 10−4 emu/mol and Cab = 0.60 emu·K/mol, and χc0 = 1.0× 10−3 and Cc = 0.229
emu·K/mol. The resulting g-factors are |gab|= 2.53 and |gc|= 1.56. (c) The g-factors of the pseudospin S˜ = 1/2 as a function of the trigonal
field parameter δ = 2∆/λ [Eq. (8)], at the covalency factors of κ = 1 (dotted black), κ = 0.9 (solid red), and κ = 0.8 (dotted blue). The grey
vertical line indicates the trigonal field δ ∼ −0.7 consistent with the g-factors in RuCl3. (d) Energy levels of the pseudospin S˜ = 3/2 states.
Away from cubic limit (∆ = 0), they split into two doublets separated by ∆3/2. The S˜= 1/2 and 3/2 wavefunctions for δ =−0.7 are depicted.
The red and blue colors represent the spin components S = 1/2 and −1/2 along the trigonal axis, respectively. Inset: t2g orbital splitting ∆
under the trigonal crystal field (electron picture).
by an amount ∆3/2 =
λ
4 [
√
8+(1+ δ )2− 3+ δ ] [55]. With
δ = −0.70, we obtain the S˜ = 3/2 quartet splitting of ∆3/2 ∼
30 meV. This splitting is much smaller than the current en-
ergy resolution of 0.1 eV, and is consistent with the absence
of a clear splitting of the A1 peaks in the RIXS spectra (see
Fig. 3).
[1] L. Balents, Spin Liquids in Frustrated Magnets, Nature (Lon-
don) 464, 199 (2010).
[2] L. Savary and L. Balents, Quantum Spin Liquids: A Review,
Rep. Prog. Phys. 80, 016502 (2017).
[3] A. Kitaev, Anyons in an Exactly Solved Model and Beyond,
Ann. Phys. 321, 2 (2006).
[4] G. Jackeli and G. Khaliullin,Mott Insulators in the Strong Spin-
Orbit Coupling Limit: From Heisenberg to a Quantum Com-
pass and Kitaev Models, Phys. Rev. Lett. 102, 017205 (2009).
[5] G. Khaliullin, Orbital Order and Fluctuations in Mott Insula-
tors, Prog. Theor. Phys. Suppl. 160, 155 (2005).
[6] J. G. Rau, E. K.-H. Lee, and H.-Y. Kee, Spin-Orbit Physics
Giving Rise to Novel Phases in Correlated Systems: Iridates
and Related Materials, Annu. Rev. Condens. Matter Phys. 7,
195 (2016).
[7] M. Hermanns, I. Kimchi, and J. Knolle, Physics of the Kitaev
Model: Fractionalization, Dynamic Correlations, and Material
Connections, Annu. Rev. Condens. Matter Phys. 9, 17 (2018).
[8] H. Takagi, T. Takayama, G. Jackeli, G. Khaliullin, and S. E. Na-
gler, Concept and Realization of Kitaev Quantum Spin Liquids,
Nat. Rev. Phys. 1, 264 (2019).
[9] B. J. Kim, H. Jin, S. Moon, J.-Y. Kim, B.-G. Park, C. Leem,
J. Yu, T. Noh, C. Kim, S.-J. Oh, J.-H. Park, V. Durairaj, G.
Cao, and E. Rotenberg, Novel Jeff = 1/2 Mott State Induced by
Relativistic Spin-Orbit Coupling in Sr2IrO4, Phys. Rev. Lett.
101, 076402 (2008).
[10] K. W. Plumb, J. P. Clancy, L. J. Sandilands, V. V. Shankar, Y. F.
Hu, K. S. Burch, H.-Y. Kee, and Y.-J. Kim, α-RuCl3: A Spin-
orbit Assisted Mott Insulator on a Honeycomb Lattice, Phys.
Rev. B 90, 041112 (2014).
[11] K. S. Burch, D. Mandrus, and J.-G. Park, Magnetism in Two-
dimensional van der Waals Materials, Nature 563, 47 (2018).
[12] D. Weber, L. M. Schoop, V. Duppel, J. M. Lippmann, J. Nuss,
and B. V. Lotsch,Magnetic Properties of Restacked 2D Spin 1/2
Honeycomb RuCl3 Nanosheets, Nano Lett. 16, 3578 (2016).
[13] J. Chaloupka, G. Jackeli, and G. Khaliullin, Kitaev-Heisenberg
Model on a Honeycomb Lattice: Possible Exotic Phases in Irid-
ium Oxides A2IrO3, Phys. Rev. Lett. 105, 027204 (2010).
[14] J. G. Rau, E. K.-H. Lee, and H.-Y. Kee, Generic Spin Model for
the Honeycomb Iridates beyond the Kitaev Limit, Phys. Rev.
Lett. 112, 077204 (2014).
[15] S. M. Winter, A. A. Tsirlin, M. Daghofer, J. van den Brink, Y.
Singh, P. Gegenwart, and R. Valentı´, Models and Materials for
Generalized Kitaev Magnetism, J. Phys. Condens. Matter 29,
493002 (2017).
[16] J. A. Sears, M. Songvilay, K. W. Plumb, J. P. Clancy, Y. Qiu, Y.
Zhao, D. Parshall, and Y.-J. Kim, Magnetic order in α-RuCl3:
A Honeycomb-Lattice Quantum Magnet with Strong Spin-orbit
Coupling, Phys. Rev. B 91, 144420 (2015).
[17] J. Chaloupka, G. Jackeli, and G. Khaliullin, Zigzag Magnetic
Order in the Iridium Oxide Na2IrO3, Phys. Rev. Lett. 110,
097204 (2013).
[18] I. Kimchi and Y.-Z. You, Kitaev-Heisenberg-J2-J3 Model for
the Iridates A2IrO3, Phys. Rev. B 84, 180407 (2011).
[19] S. K. Choi, R. Coldea, A. N. Kolmogorov, T. Lancaster, I. I.
Mazin, S. J. Blundell, P. G. Radaelli, Y. Singh, P. Gegenwart,
11
K. R. Choi, S.-W. Cheong, P. J. Baker, C. Stock, and J. Tay-
lor, Spin Waves and Revised Crystal Structure of Honeycomb
Iridate Na2IrO3, Phys. Rev. Lett. 108, 127204 (2012).
[20] S. M. Winter, K. Riedl, P. A. Maksimov, A. L. Chernyshev, A.
Honecker, and R. Valentı´, Breakdown of Magnons in a Strongly
Spin-orbital Coupled Magnet, Nat. Commun. 8, 1152 (2017).
[21] J. Rusnacˇko, D. Gotfryd, and J. Chaloupka, Kitaev-like Honey-
comb Magnets: Global Phase Behavior and Emergent Effective
Models, Phys. Rev. B 99, 064425 (2019).
[22] H. B. Cao, A. Banerjee, J.-Q. Yan, C. A. Bridges, M. D. Lums-
den, D. G. Mandrus, D. A. Tennant, B. C. Chakoumakos, and
S. E. Nagler, Low-temperature Crystal and Magnetic Structure
of α-RuCl3, Phys. Rev. B 93, 134423 (2016).
[23] J. A. Sears, L. E. Chern, S. Kim, P. J. Bereciartua, S. Francoual,
Y. B. Kim, and Y.-J. Kim, Ferromagnetic Kitaev Interaction
and the Origin of Large Magnetic Anisotropy in α-RuCl3, Nat.
Phys. (2020).
[24] G. Baskaran, S. Mandal, and R. Shankar, Exact Results for Spin
Dynamics and Fractionalization in the Kitaev Model, Phys.
Rev. Lett. 98, 247201 (2007).
[25] J. Knolle, D. L. Kovrizhin, J. T. Chalker, and R. Moessner, Dy-
namics of a Two-Dimensional Quantum Spin Liquid: Signa-
tures of Emergent Majorana Fermions and Fluxes, Phys. Rev.
Lett. 112, 207203 (2014).
[26] J. Yoshitake, J. Nasu, and Y. Motome, Fractional Spin Fluc-
tuations as a Precursor of Quantum Spin Liquids: Majorana
Dynamical Mean-Field Study for the Kitaev Model, Phys. Rev.
Lett. 117, 157203 (2016).
[27] L. J. Sandilands, Y. Tian, K. W. Plumb, Y.-J. Kim, and K. S.
Burch, Scattering Continuum and Possible Fractionalized Ex-
citations in α-RuCl3, Phys. Rev. Lett. 114, 147201 (2015).
[28] J. Nasu, J. Knolle, D. L. Kovrizhin, Y. Motome, and R. Moess-
ner, Fermionic Response from Fractionalization in an Insulat-
ing Two-dimensional Magnet, Nat. Phys. 12, 912 (2016).
[29] A. Banerjee, C. A. Bridges, J. Q. Yan, A. A. Aczel, L. Li, M. B.
Stone, G. E. Granroth, M. D. Lumsden, Y. Yiu, J. Knolle, S.
Bhattacharjee, D. L. Kovrizhin, R. Moessner, D. A. Tennant,
D. G. Mandrus, and S. E. Nagler, Proximate Kitaev Quantum
Spin Liquid Behaviour in a Honeycomb Magnet, Nat. Mater.
15, 733 (2016).
[30] A. Banerjee, J. Yan, J. Knolle, C. A. Bridges, M. B. Stone,
M. D. Lumsden, D. G. Mandrus, D. A. Tennant, R. Moessner,
and S. E. Nagler, Neutron Scattering in the Proximate Quantum
Spin Liquid α-RuCl3, Science 356, 1055 (2017).
[31] S.-H. Do, S.-Y. Park, J. Yoshitake, J. Nasu, Y. Motome, Y. S.
Kwon, D. T. Adroja, D. J. Voneshen, K. Kim, T. H. Jang, J. H.
Park, K.-Y. Choi, and S. Ji, Majorana Fermions in the Kitaev
Quantum Spin System α-RuCl3, Nat. Phys. 13, 1079 (2017).
[32] A. Banerjee, P. Lampen-Kelley, J. Knolle, C. Balz, A. A. Aczel,
B. Winn, Y. Liu, D. Pajerowski, J. Yan, C. A. Bridges, A. T.
Savici, B. C. Chakoumakos, M. D. Lumsden, D. A. Tennant,
R. Moessner, D. G. Mandrus, and S. E. Nagler, Excitations in
the Field-induced Quantum Spin Liquid State of α-RuCl3, npj
Quantum Materials 3, 8 (2018).
[33] Y. Kasahara, T. Ohnishi, Y. Mizukami, O. Tanaka, S. Ma, K.
Sugii, N. Kurita, H. Tanaka, J. Nasu, Y. Motome, T. Shibauchi,
and Y. Matsuda,Majorana Quantization and Half-integer Ther-
mal Quantum Hall Effect in a Kitaev Spin Liquid, Nature (Lon-
don) 559, 227 (2018).
[34] L. Janssen, E. C. Andrade, and M. Vojta, Magnetization Pro-
cesses of Zigzag States on the Honeycomb Lattice: Identify-
ing Spin Models for α-RuCl3 and Na2IrO3, Phys. Rev. B 96,
064430 (2017).
[35] P. Laurell and S. Okamoto, Dynamical and Thermal Magnetic
Properties of the Kitaev Spin Liquid Candidate α-RuCl3, npj
Quantum Materials 5, 2 (2020).
[36] P. A. Maksimov and A. L. Chernyshev, Rethinking α-RuCl3,
Phys. Rev. Research 2, 033011 (2020).
[37] A. Kotani and S. Shin, Resonant Inelastic X-ray Scattering
Spectra for Electrons in Solids, Rev. Mod. Phys. 73, 203 (2001).
[38] L. J. P. Ament, M. van Veenendaal, T. P. Devereaux, J. P. Hill,
and J. van den Brink, Resonant Inelastic X-ray Scattering Stud-
ies of Elementary Excitations, Rev. Mod. Phys. 83, 705 (2011).
[39] Y. Kubota, H. Tanaka, T. Ono, Y. Narumi, and K. Kindo, Suc-
cessive Magnetic Phase Transitions in α-RuCl3: XY-like Frus-
trated Magnet on the Honeycomb Lattice, Phys. Rev. B 91,
094422 (2015).
[40] H. Suzuki, H. Gretarsson, H. Ishikawa, K. Ueda, Z. Yang, H.
Liu, H. Kim, D. Kukusta, A. Yaresko, M. Minola, J. A. Sears,
S. Francoual, H. C. Wille, J. Nuss, H. Takagi, B. J. Kim, G.
Khaliullin, H. Yavas¸, and B. Keimer, Spin Waves and Spin-state
Transitions in a Ruthenate High-temperature Antiferromagnet,
Nat. Mater. 18, 563 (2019).
[41] H. Gretarsson, H. Suzuki, H. Kim, K. Ueda, M. Krautloher,
B. J. Kim, H. Yavas¸, G. Khaliullin, and B. Keimer, Observation
of Spin-orbit Excitations and Hund’s Multiplets in Ca2RuO4,
Phys. Rev. B 100, 045123 (2019).
[42] H. Gretarsson, D. Ketenoglu, M. Harder, S. Mayer, F.-U. Dill,
M. Spiwek, H. Schulte-Schrepping, M. Tischer, H.-C. Wille,
B. Keimer, and H. Yavas¸, IRIXS: A Resonant Inelastic X-ray
Scattering Instrument Dedicated to X-rays in the Intermediate
Energy Range, J. Synchrotron Rad. 27, (2020).
[43] L. J. Sandilands, Y. Tian, A. A. Reijnders, H.-S. Kim, K. W.
Plumb, Y.-J. Kim, H.-Y. Kee, and K. S. Burch, Spin-orbit Exci-
tations and Electronic Structure of the Putative Kitaev Magnet
α-RuCl3, Phys. Rev. B 93, 075144 (2016).
[44] B. J. Kim and G. Khaliullin, Resonant Inelastic X-ray Scatter-
ing Operators for t2g Orbital Systems, Phys. Rev. B 96, 085108
(2017).
[45] H. Gretarsson, J. P. Clancy, X. Liu, J. P. Hill, E. Bozin, Y. Singh,
S. Manni, P. Gegenwart, J. Kim, A. H. Said, D. Casa, T. Gog,
M. H. Upton, H.-S. Kim, J. Yu, V. M. Katukuri, L. Hozoi, J.
van den Brink, and Y.-J. Kim, Crystal-Field Splitting and Cor-
relation Effect on the Electronic Structure of A2IrO3, Phys. Rev.
Lett. 110, 076402 (2013).
[46] L. Tro¨ger, D. Arvanitis, K. Baberschke, H. Michaelis, U.
Grimm, and E. Zschech, Full Correction of the Self-absorption
in Soft-fluorescence Extended X-ray-absorption Fine Structure,
Phys. Rev. B 46, 3283 (1992).
[47] S.-H. Chun, J.-W. Kim, J. Kim, H. Zheng, C. C. Stoumpos,
C. D. Malliakas, J. F. Mitchell, K. Mehlawat, Y. Singh, Y. Choi,
T. Gog, A. Al-Zein, M. M. Sala, M. Krisch, J. Chaloupka, G.
Jackeli, G. Khaliullin, and B. J. Kim, Direct Evidence for Dom-
inant Bond-directional Interactions in a Honeycomb Lattice Iri-
date Na2IrO3, Nat. Phys. 11, 462 (2015).
[48] J. Kim, J. Chaloupka, Y. Singh, J. W. Kim, B. J. Kim, D. Casa,
A. Said, X. Huang, and T. Gog, Dynamic Spin Correlations in
the Honeycomb Lattice Na2IrO3 Measured by Resonant Inelas-
tic X-ray Scattering, Phys. Rev. X 10, 021034 (2020).
[49] J. A. Sears, Y. Zhao, Z. Xu, J. W. Lynn, and Y.-J. Kim, Phase
Diagram of α-RuCl3 in an In-plane Magnetic Field, Phys. Rev.
B 95, 180411 (2017).
[50] Z. Wang, S. Reschke, D. Hu¨vonen, S.-H. Do, K.-Y. Choi, M.
Gensch, U. Nagel, T. Ro˜o˜m, and A. Loidl, Magnetic Excita-
tions and Continuum of a Possibly Field-Induced Quantum Spin
Liquid in α-RuCl3, Phys. Rev. Lett. 119, 227202 (2017).
[51] A. Sahasrabudhe, D. A. S. Kaib, S. Reschke, R. German, T. C.
Koethe, J. Buhot, D. Kamenskyi, C. Hickey, P. Becker, V.
12
Tsurkan, A. Loidl, S. H. Do, K. Y. Choi, M. Gru¨ninger, S. M.
Winter, Z. Wang, R. Valentı´, and P. H. M. van Loosdrecht,
High-field Quantum Disordered State in α-RuCl3: Spin Flips,
Bound States, and Multiparticle Continuum, Phys. Rev. B 101,
140410 (2020).
[52] B. W. Lebert, S. Kim, V. Bisogni, I. Jarrige, A. M. Barbour,
and Y.-J. Kim, Resonant Inelastic X-ray Scattering Study of α-
RuCl3: a Progress Report, J. Phys. Condens. Matter 32, 144001
(2020).
[53] E. M. Plotnikova, M. Daghofer, J. van den Brink, and K.
Wohlfeld, Jahn-Teller Effect in Systems with Strong On-Site
Spin-Orbit Coupling, Phys. Rev. Lett. 116, 106401 (2016).
[54] J. Chaloupka and G. Khaliullin, Hidden Symmetries of the
Extended Kitaev-Heisenberg Model: Implications for the
Honeycomb-lattice Iridates A2IrO3, Phys. Rev. B 92, 024413
(2015).
[55] J. Chaloupka and G. Khaliullin, Magnetic Anisotropy in the
Kitaev Model Systems Na2IrO3 and RuCl3, Phys. Rev. B 94,
064435 (2016).
[56] S. Sugiura and A. Shimizu, Thermal Pure Quantum States at
Finite Temperature, Phys. Rev. Lett. 108, 240401 (2012).
[57] S. Sugiura and A. Shimizu, Canonical Thermal Pure Quantum
State, Phys. Rev. Lett. 111, 010401 (2013).
[58] C. Balz, P. Lampen-Kelley, A. Banerjee, J. Yan, Z. Lu, X. Hu,
S. M. Yadav, Y. Takano, Y. Liu, D. A. Tennant, M. D. Lums-
den, D. Mandrus, and S. E. Nagler, Finite Field Regime for a
Quantum Spin Liquid in α-RuCl3, Phys. Rev. B 100, 060405(R)
(2019).
[59] L. Janssen, S. Koch, and M. Vojta,Magnon Dispersion and Dy-
namic Spin Response in Three-dimensional Spin Models for α-
RuCl3, Phys. Rev. B 101, 174444 (2020).
[60] K. Foyevtsova, H. O. Jeschke, I. I. Mazin, D. I. Khomskii, and
R. Valentı´, Ab Initio Analysis of the Tight-binding Parameters
andMagnetic Interactions inNa2IrO3, Phys. Rev. B 88, 035107
(2013).
[61] H. Liu, J. Chaloupka, and G. Khaliullin (unpublished).
[62] B. H. Kim, G. Khaliullin, and B. I. Min, Electronic excitations
in the edge-shared relativistic Mott insulator: Na2IrO3, Phys.
Rev. B 89, 081109 (2014).
[63] H. Liu and G. Khaliullin, Pseudospin Exchange Interactions
in d7 Cobalt Compounds: Possible Realization of the Kitaev
Model, Phys. Rev. B 97, 014407 (2018).
[64] R. Sano, Y. Kato, and Y. Motome, Kitaev-Heisenberg Hamilto-
nian for High-spin d7 Mott Insulators, Phys. Rev. B 97, 014408
(2018).
[65] H. Liu, J. Chaloupka, and G. Khaliullin, Kitaev Spin Liquid in
3d Transition Metal Compounds, Phys. Rev. Lett. 125, 047201
(2020).
[66] R. Zhong, T. Gao, N. P. Ong, and R. J. Cava, Weak-field In-
duced Nonmagnetic State in a Co-based Honeycomb, Sci. Adv.
6, eaay6953 (2020).
[67] H. Liu and G. Khaliullin, Pseudo-Jahn-Teller Effect and Mag-
netoelastic Coupling in Spin-Orbit Mott Insulators, Phys. Rev.
Lett. 122, 057203 (2019).
[68] J. Porras, J. Bertinshaw, H. Liu, G. Khaliullin, N. H. Sung, J.-
W. Kim, S. Francoual, P. Steffens, G. Deng, M. M. Sala, A. Efi-
menko, A. Said, D. Casa, X. Huang, T. Gog, J. Kim, B. Keimer,
and B. J. Kim, Pseudospin-lattice Coupling in the Spin-orbit
Mott Insulator Sr2IrO4, Phys. Rev. B 99, 085125 (2019).
[69] S. M. Winter, K. Riedl, D. Kaib, R. Coldea, and R. Valentı´,
Probing α-RuCl3 Beyond Magnetic Order: Effects of Temper-
ature and Magnetic Field, Phys. Rev. Lett. 120, 077203 (2018).
[70] A. Abragam and B. Bleaney, Electron Paramagnetic Resonance
of Transition Ions (Clarendon Press, Oxford, 1970).
[71] J. H. M. Thornley, C. D. Lustig, J. Owen, and J. H.M. Thornley,
The Magnetic Properties of (IrX6)
2− Complexes, J. Phys. C:
Solid State Phys. 1, 1024 (1968).
[72] R. Yadav, N. A. Bogdanov, V. M. Katukuri, S. Nishimoto,
J. van den Brink, and L. Hozoi, Kitaev Exchange and Field-
induced Quantum Spin-liquid States in Honeycomb α-RuCl3,
Sci. Rep. 6, 37925 (2016).
[73] S. Agrestini, C.-Y. Kuo, K.-T. Ko, Z. Hu, D. Kasinathan, H. B.
Vasili, J. Herrero-Martin, S. M. Valvidares, E. Pellegrin, L.-Y.
Jang, A. Henschel, M. Schmidt, A. Tanaka, and L. H. Tjeng,
Electronically Highly Cubic Conditions for Ru in α-RuCl3,
Phys. Rev. B 96, 161107 (2017).
